Neuroimaging and neuropsychological studies have revealed that the primary motor cortex (PMC) and the extramotor cortical areas are functionally abnormal in motor neuron disease (MND, amyotrophic lateral sclerosis), but the nature of the cortical lesions that underlie these changes is poorly understood. In particular, there have been few attempts to quantify neuronal loss in the PMC and in other cortical areas in MND. We used SMI-32, an antibody against an epitope on non-phosphorylated neuro®lament heavy chain, to analyse the size and density of SMI-32-positive cortical pyramidal neurons in layer V of the PMC, the dorsolateral prefrontal cortex (DLPFC) and the supragenual anterior cingulate cortex (ACC) in 13 MND and eight control subjects. There was a statistically signi®cant reduction in the density of SMI-32-immunoreactive (IR) pyramidal neurons within cortical layer V in the PMC, the DLPFC and the ACC in MND subjects compared with controls [t (19) = 2.91, P = 0.009; estimated reduction 25%; 95% CI = 8%, 40%]. In addition, we studied the density and size of interneurons immunoreactive for the calcium-binding proteins calbindin-D 28K (CB), parvalbumin (PV) and calretinin (CR) in the same areas (PMC, DLPFC and ACC). Statistically signi®cant differences in the densities of CB-IR neurons were observed within cortical layers V (P = 0.003) and VI (P = 0.001) in MND cases compared with controls. The densities of CR-and PV-IR neurons were not signi®c-antly different between MND and control cases, although there were trends towards reductions of CR-IR neuronal density within the same layers and of PV-IR neuronal density within cortical layer VI. Loss of pyramidal neurons and of GABAergic interneurons is more widespread than has been appreciated and is present in areas associated with neuroimaging and cognitive abnormalities in MND. These ®ndings support the notion that MND should be considered a multisystem disorder.
Summary
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Introduction
Motor neuron disease (MND, amyotrophic lateral sclerosis) involves progressive degeneration of upper (corticospinal) and lower (brainstem and spinal cord) motor neurons. However, several lines of evidence suggest that extramotor cortical regions are also affected in this disease. For example, a PET study revealed a signi®cant reduction in cerebral glucose metabolism in the motor and frontal cortices in MND subjects compared with controls (Ludolph et al., 1992) . In Brain Vol. 127 No. 6 ã Guarantors of Brain 2004; all rights reserved addition, activation studies have revealed signi®cant involvement of the medial prefrontal cortex (Brodmann areas 9 and 10), the anterior cingulate region (Brodmann areas 9 and 32), the parahippocampal gyrus and the anterior thalamic nuclear complex as well as other non-motor areas (Kew et al., 1993a, b) . There is now compelling evidence that a substantial proportion of non-demented MND patients have signi®cant cognitive de®cits, typically of the frontal lobe type (Gallassi et al., 1985; David and Gillham, 1986; Kew et al., 1993a; Massman et al., 1996; Chari et al., 1996; Abrahams et al., 1995 Abrahams et al., , 1996 Abrahams et al., , 2000 Bak and Hodges, 1999; Strong et al., 1999; Lomen-Hoerth et al., 2003) .
Involvement of extramotor areas is also evident in patients in whom MND is associated with dementia of the frontal lobe type (DMND). In the majority of these cases, the lower motor neuron (LMN) pathology is identical to that seen in typical MND without dementia (Wightman et al., 1992) . This and other observations suggest that typical MND and DMND form a phenotypic spectrum, with ubiquitin-immunoreactive (IR) inclusions in the most affected neurons as the characteristic feature (Okamoto et al., 1992; Wightman et al., 1992; Jackson et al., 1996; Nakano, 2000; Al-Sarraj et al., 2002) . Thus, MND can be regarded as a multisystem disorder with a predilection for motor and frontotemporal regions of the cerebral cortex.
While speci®c mechanisms underlying the selective degeneration of motor neurons in MND remain unknown, glutamate-mediated excitotoxicity may contribute to neuronal damage (Shaw, 1994; Zeman et al., 1994; Rothstein, 1995 Rothstein, , 1996 Leigh and Meldrum, 1996; Shaw and Ince, 1997; Cleveland and Rothstein, 2001 ). In addition to changes in glutamate uptake by astrocytes (Maragakis and Rothstein, 2001) , abnormal GABAergic neurotransmission in MND might contribute to excitotoxicity. Using paired conditioningtest magnetic brain stimulation, signi®cantly reduced intracortical inhibition (ICI) was observed in MND subjects (Ziemann et al., 1997; Caramia et al., 2000; Zanette et al., 2002a, b) . PET studies using the benzodiazepine GABA A receptor ligand [ 11 C]¯umazenil have shown decreased umazenil binding in the primary motor and premotor cortices (Brodmann areas 4 and 6), the right dorsomedial prefrontal cortex (Brodmann areas 9 and 10) and the left dorsal prefrontal cortex (Brodmann area 9) in MND patients (Lloyd et al., 2000) , suggesting a disturbance of GABAergic neurotransmission.
Despite many neuropathological studies describing loss of giant pyramidal cells of Betz within cortical layer V of the primary motor cortex (PMC) (Brownell et al., 1970; Hammer et al., 1979; Hughes, 1982; Udaka et al., 1986; Kiernan and Hudson, 1991; Murayama et al., 1992; Troost et al., 1992; Bergmann, 1993; Ince et al., 1993; Nihei et al., 1993; Sasaki and Maruyama, 1994) , there have been few rigorous studies of layer V pyramidal neurons, including Betz cells, in the PMC of MND subjects and the ®ndings have been inconsistent. In a previous study using two-dimensional methods of neuronal quanti®cation, a signi®cant loss of Betz cells and other pyramidal neurons within layer V was observed in the precentral gyrus in 10 MND cases (Kiernan and Hudson, 1991) . Similarly, Nihei et al., 1993 found loss of SMI-32 (mouse monoclonal antibody against an epitope of nonphosphorylated neuro®lament heavy chain)-IR pyramidal neurons including Betz cells within cortical layer V in the PMC in four MND cases (two cases with <60% depletion of Betz cells and two cases with 90±100% depletion of Betz cells). However, using a stereological approach, Gredal et al. (2000) could not detect neuronal loss in the neocortex or PMC in eight MND subjects (including one case with MND and dementia). It is possible that methodological differences, such as post-mortem interval (PMI), ®xation time, number of cases used, and counting methods, account for these discrepancies.
Some studies have suggested that sporadic and familial MND may not always be associated with loss of large pyramidal neurons or Betz cells (Davison, 1941; Brownell et al., 1970; Troost et al., 1992; Chou, 1995; Ince et al., 1996) . Indeed, it is assumed that pyramidal projection neurons other than Betz cells degenerate because Betz cells account for only 2±3% of the total number of pyramidal tract ®bres (Lassek, 1940; Nyberg-Hansen and Rinvik, 1963) . Studies on the pathology of the corticospinal system in MND without dementia have focused on the PMC and have not systematically examined other extramotor cortical areas which have been shown by neuroimaging and cognitive studies to be involved in MND and where loss of cortical projection neurons and interneurons might be expected (Ellis et al., 2001) .
In addition to loss of pyramidal neurons in the PMC, there is evidence that GABAergic interneurons may be involved in MND. Subpopulations of GABAergic inhibitory neurons can be immunohistochemically labelled for the calcium-binding proteins (CBPs) parvalbumin (PV), calbindin-D 28K (CB) and calretinin (CR) (Demeulemeester et al., 1988; Celio, 1990; Celio et al., 1990; DeFelipe, 1997) . These CBPs are thought to provide intracellular calcium buffering, preventing hyperpolarization of cells, and possibly protecting them from excitotoxic damage (Heizmann and Braun, 1992; Ince et al., 1993) . Using PV as a marker for a subpopulation of GABAergic inhibitory neurons, previous studies have demonstrated a loss of PV-IR neurons in the PMC of MND subjects in comparison with control subjects (Nihei et al., 1992 (Nihei et al., , 1993 . Also, in two DMND cases, a reduction in the number of CB-IR neurons in the frontal cortex but preservation of PV-IR neurons was indicated (Ferrer et al., 1993) .
The purpose of this study was to determine whether MND is associated with a loss of SMI-32-IR pyramidal neurons and GABAergic interneurons in the PMC (Brodmann area 4), but also in two of the extramotor cortical areas shown by functional imaging and cognitive studies to be involved in MND, in particular the dorsolateral prefrontal cortex (DLPFC; Brodmann area 9) and the supragenual anterior cingulate cortex (ACC; Brodmann area 24c) (Gallassi et al., 1985; David and Gillham, 1986; (Kew et al., 1993a; Abrahams et al., 1995 Abrahams et al., , 1996 Abrahams et al., , 2000 Chari et al., 1996; Massman et al., 1996; Bak and Hodges, 1999; Strong et al., 1999; Lomen-Hoerth et al., 2003) . Densities and sizes of layer V pyramidal neurons, labelled by SMI-32 in the PMC, the DLPFC and the ACC, in MND and control subjects were measured using quantitative image analysis. We used SMI-32, a widely-used mouse monoclonal antibody raised against a non-phosphorylated form of neuro®lament protein, because it preferentially stains both pyramidal neurons (and Betz cells) and motor neurons (Morrison et al., 1987; Campbell and Morrison, 1989; Hof et al., 1990 Hof et al., , 1996 Hof et al., , 2002 Mesulam and Geula, 1991; Del Rõ Âo and DeFelipe, 1994; Carriedo et al., 1995 Carriedo et al., , 1996 Baleydier et al., 1997; Macdonald et al., 1997; Urushitani et al., 1998; Vandenberghe et al., 2000a Vandenberghe et al., , b, 2001 Comoletti et al., 2001; Saroff et al., 2000; Tsang et al., 2000) . In addition, we applied a similar quantitative approach with antibodies against CBPs to investigate selective vulnerability of GABAergic interneurons in the same cortical areas. This study advances our understanding of the selective vulnerability in MND and of the cellular basis of the cognitive and functional imaging abnormalities now recognized as integral to the disease.
Material and methods

Tissue samples
Human post-mortem brain tissue samples were obtained from the MRC Brain Bank (Department of Neuropathology, Institute of Psychiatry, King's College London, London, UK). Informed consent for autopsy and use of tissues for research was given by subjects and next of kin, according to the protocols approved for the Institute of Psychiatry Brain Bank by the Institute of Psychiatry Ethics Committee. Tissue donation was approved by the local research ethics committee. There were 13 cases diagnosed with MND according to El Escorial World Federation of Neurology criteria. The mean age of MND subjects was 60.9 T 3.5 (SEM) years. There were eight control subjects without previous history of neurological or psychiatric disease with a mean age of 59.5 T 2.8 (SEM) years. The demographic details of individual cases used in the investigation are shown in Table 1 . All the brain specimens had been evaluated both macroscopically and microscopically by neuropathologists (Department of Neuropathology, Institute of Psychiatry, King's College London, London, UK) for any evidence of coincidental disease. MND subjects with dementia were excluded from this study.
Cortical tissue blocks were removed during clinical neuropathological examination. Brains were hemisected, and then either the left or right hemispheres were cut into coronal slices of 2 cm thickness. Three cortical areas, PMC, DLPFC and ACC, were selected for analysis (Fig. 1) . Tissue blocks were ®xed in 10% formalin and processed into paraf®n wax.
Histological labelling of tissue sections
Twenty 10 mm thick serial sections of PMC, DLPFC and ACC from each case were cut using a sliding microtome (model SM2400; Leica, Reichert, Austria). From these 20 sections, four series of ®ve sections were sampled for assessment of SMI-32 and for the immunostaining of neurons for the CBPs PV, CR and CB. The remaining one in ®ve serial sections was stained with luxol fast blue and cresyl violet in order to determine cytoarchitecture and cellular morphology. The cytoarchitecture of the PMC, DLPFC and ACC was identi®ed according to well-de®ned microscopic criteria, as described by Brodal (1992) , Petrides and Pandya (1999) and Vogt et al. (1995) , respectively.
Immunohistochemical labelling of tissue sections
Tissue sections were dewaxed in xylene and rehydrated through a series of graded alcohols to water. In order to reduce endogenous peroxidase activity, the sections were pretreated with methanol containing 2.5% H 2 O 2 for 50 min, and then rinsed with deionized water. Sections were microwaved for 30 min in deionized water (for SMI-32) or in 0.01 M sodium citrate buffer (pH 6.0) (for PV, CR and CB) to aid antigen retrieval. Following a brief rinse with Trisbuffered saline (TBS, pH 7.6), sections were preincubated with normal rabbit serum (Dako, Cambridge, UK; 1 : 10), diluted in TBS, 0.5% bovine serum albumin and 0.2% Triton X-100 for 1 h at room temperature. Sections were then incubated with a mouse monoclonal antibody to non-phosphorylated neuro®lament protein (SMI-32, ascites¯uid, 1 : 2000; Sternberger Monoclonals, MD, USA) and mouse monoclonal antibodies to the CBPs PV (lyophilized ascites, 1 : 10000; SWant, Bellinzona, Switzerland), CR (lyophilized ascites, 1 : 5000; SWant) and CB (lyophilized ascites, 1 : 500±1000, SWant), diluted in TBS and 0.1% Triton X-100 incubated for 24±48 h at 4°C. The sections were washed three times with TBS and incubated with biotinylated secondary antibody (rabbit anti-mouse IgG; Dako; 1 : 200) for 1 h at room temperature. After several washes, the sections were subsequently incubated with avidin±biotin±label complex (Dako), washed in TBS, and ®nally incubated for 3±10 min with 0.2 mg/ml 3,3¢-diaminobenzidine chromogen (Sigma Chemical, Poole, UK) in TBS containing 0.07% H 2 O 2 under microscopic observation to visualize immunoreactive cells. Nuclei were lightly counterstained with Harris's haematoxylin. Sections were then dehydrated through a graded series of alcohols, cleared in xylene and mounted in DePeX (BDH, Merck Eurolab, UK) for analysis. To minimize variability in immunostaining, three sections from every case and control were processed at the same time for each antigen, and all conditions were maintained constant throughout the procedures. Negative controls were processed without primary antibodies.
Quantitative analysis: neuronal density and size
A computerized image analysis system with a standardized setting was used to analyse immunolabelled tissue sections. Three tissue sections per case were viewed using a 20Q objective with a colour video camera mounted onto a Leica DMLB microscope (Leica, Wetzlar, Germany). Using Image Pro-Plus 4.1 software (Media Cybernetics, MD, USA) with a Marzhauser 100 x 100 x, y motorized stage, a series of contiguous images were captured from a demarcated area extending from the pial surface to the grey±white matter border, forming a single tiled image. The dimensions for each frame were 26.560 Q 19.7760 mm. Final composite images spanning 3195 mm in the x-axis and 3017±3218 mm in the y-axis, depending on the cortical width, were used for counting individual cases. All immunopositive neurons were manually outlined and neuronal size and density were recorded according to laminar location (except for weakly labelled CB-IR pyramidal neurons in cortical layers II and III). For each individual cortical layer, an areal density value was sample t-tests for comparing mean age, mean PMI and mean ®xation time between groups were: t(19) = 1.35, P = 0.79; t(19) = ±0.77, P = 0.45; and t(19) = ±3.38, P = 0.18, respectively. Fisher's exact tests for comparing proportions of sex and hemisphere side between groups were: P = 1; P = 0.67, respectively. NA = no further information available.
calculated by dividing the total number of immunopositive cells by the entire area of grey matter per layer and a neuronal size value as the median size of all immunopositive cells within the layer. The thickness of the section was measured by using a z-axis microcator (Heidenhain, London, UK). All cases were assessed blind to case details.
Statistical analysis
SMI-32-IR neuronal density and size data were ®rst log-transformed to normalize the distributions, and then analysed separately using a repeated measures analysis of variance (SPSS program, version 10.0 for Windows) for group and regional comparisons. Overall group differences (main effects of MND and control groups) were tested using t-tests and any dependence of group differences on region (interaction between groups and areas 4, 9 or 24c) was assessed by Wilk's lambda multivariate test. If the main effect of group was signi®cant, the density or size changes of MND cases relative to controls were estimated and 95% con®dence intervals were calculated. A signi®cance level of 0.05 was used for assessing data from SMI-32-IR neurons (1 layer-wise comparison). Repeated measures analysis of variance was also used for group and regional comparisons of different subpopulations of CBP-IR neuronal densities and sizes. Neuronal size and density were analysed separately for each of the six cortical layers of areas 4 and 9 and the ®ve cortical layers of area 24c. Due to the limited number of cases expressing PV-IR neurons within cortical layer I (n = 1) and CB-IR neurons within cortical layers I (n = 5) and IV (n = 1) in the three regions studied, statistical analysis of neuronal densities and sizes was not appropriate. A value of 0.05 was added to the density values in the three regions (areas 4, 9 and 24c) of a cortical layer (I, II, III, V or VI) and in the two regions (areas 4 and 9) of a cortical layer IV when zero densities were recorded. Density and size data were then log-transformed to normalize the distributions. Overall group differences (main effects of MND and control groups) were tested using t-tests and any dependence of group differences on region (interaction between groups and areas 4, 9, or 24c) was assessed using Wilk's lambda multivariate test. The Bonferroni correction was used to adjust for multiple layer-wise neuronal density and size tests, yielding a Bonferroni-adjusted signi®cance level of 0.01, 0.0083 and 0.0125 for assessing data from neurons positive for PV (®ve layer-wise comparisons), CR (six layers) and CB (four layers), respectively. If the main effect of group was signi®cant, the densities or size reductions of MND cases relative to controls were estimated and 95% con®dence intervals were calculated. Repeated measures analysis of variance was also used for group and regional comparisons of mean cortical thickness in the two groups.
Demographic and other variables (Table 1) , which showed large differences between the groups in the sample, were considered as potential confounding variables. These included PMI, ®xation time and hemisphere side. All repeated measures analyses were carried out with adjustment for each confounding variable by including the variable as a covariate. To assess the effects of potential confounding variables, P-values and estimated reductions in neuronal density and size were compared between the unadjusted analyses and the adjusted analyses.
Two-dimensional areal densities could provide biased estimates with the size of the estimation bias, depending on cell sizes in relation to section thickness (Abercrombie, 1946) . Therefore, if there was any statistical evidence of a group difference in neuronal size after Wilk's lambda test, neuronal density data were re-analysed using three-dimensional density estimates calculated according to the Abercrombie correction formula (Abercrombie, 1946) . For convenience, to be able to compare Abercrombie-corrected densities with uncorrected values, three-dimensional densities were multiplied by a factor to change them into two-dimensional values.
Results
Distribution of SMI-32 immunoreactivity
SMI-32 primarily labelled the perikarya and dendrites of a subpopulation of pyramidal neurons predominantly located within cortical layers III and V in all regions ( Fig. 2A) . Some labelled pyramidal neurons were also found within cortical layer IV, close to the border of layer III in the PMC and the PFC. Staining intensity increased with neuronal size, large pyramidal neurons showing more intense immunoreactivity than smaller ones. Giant pyramidal cells of Betz within layer V of the PMC were also intensely immunoreactive for SMI-32.
SMI-32 neuronal density and size
The results of the regional and group comparisons of the median neuronal densities and sizes of SMI-32-IR neurons are shown in Tables 2A and B . There was a statistically signi®cant overall group reduction in density of SMI-32-IR pyramidal neurons within cortical layer V in the PMC, the DLPFC and the ACC in MND cases compared with controls [t (19) = 2.91, P = 0.009; estimated reduction 25%; 95% con®dence interval (CI) = 8%, 40%] (Fig. 3, Table 2A ).
Potential confounding variables
Although the independent sample t-tests and the Fisher's exact tests (Table 1) showed no signi®cant population differences in any of the variables between the two groups, there were considerable group differences in PMI, ®xation time and side of hemisphere in the sample. Therefore, these variables were considered as potential confounders and added to the repeated measure analyses. These analyses showed that the P-values of overall group comparisons of the density of the SMI-32-IR neurons were still statistically signi®cant. The estimated density reductions for SMI-32-IR neurons within cortical layer V of the three regions before adjusting for confounders was 25%, compared with 27, 25 and 28% after adjusting for PMI, ®xation time and hemisphere side.
Comparisons of the median sizes of SMI-32-IR pyramidal neurons between MND and control cases are also shown in Table 2B . The SMI-32-IR pyramidal neurons within cortical layer V of the MND group appeared larger than those in the control group, and this difference approached signi®cance [t (19) = 2.04, P = 0.056; estimated increase 11%; 95% CI = 0%, 24%] (Table 2B ). This became signi®cant when allowance was made for ®xation time (P = 0.043; 95% CI = 0%, 21%). The estimated neuronal size increase for SMI-32-IR neurons within layer V of the three regions before adjusting for confounders was 11%, compared with 10, 12 and 11% after adjusting for PMI, ®xation time and hemisphere side.
Since we detected neuronal size differences between the two groups, group differences in two-dimensional densities of SMI-32-IR neurons observed in our study might have been affected by cell size differences. However, this interpretation was not affected by application of the Abercrombie formula (Abercrombie, 1946) to the density data [t (19) = 3.27, P = 0.004; estimated reduction 29%; 95% CI = 12%, 43%].
Distribution of calcium-binding protein immunoreactivity
PV-IR neurons were found in all cortical layers except the molecular layer, but predominated in cortical layers III, IV and V. Morphologically, these cells were mostly multipolar, showing many long processes (Fig. 2B) . In layer IV, these processes were oriented vertically towards cortical layer III (not shown). CR-IR neurons showed small rounded perikarya, multipolar or bipolar in shape, and were found in all cortical layers, predominantly in layers II and III (Fig. 2C) . CB-IR neurons were also present in all cortical layers, but were predominantly found in layers II and III.
Morphologically, they were small multipolar or bipolar neurons with ascending dendrites in the molecular layer, small bipolar neurons in cortical layers II and III (Fig. 2D) . The CB antibody used in this investigation also weakly immunolabelled pyramidal neurons in cortical layers II and III.
CBP neuronal density
Layer-wise comparisons of the median neuronal densities of each CBP subpopulation between MND and control cases are shown in Tables 3A, 4A and 5A.
Calbindin
Overall group comparisons showed that the density of CB-IR neurons in MND cases was signi®cantly decreased within cortical layers V [t (19) = 3.48, P = 0.003; estimated reduction 66%; 95% CI = 35%, 83%] (Fig. 4A) and VI [t (19) = 4.07, (Fig. 4B ) when overall group differences were assessed. Wilk's lambda multivariate test for group and regional interactions revealed a trend for reduced density of CB-IR neurons within cortical layers II [F(2,18) = 4.45; P = 0.03] and V [F(2,18) = 5.45; 18; P = 0.014] in MND cases compared with controls (Table 3A) .
Parvalbumin
The densities of PV-IR neurons in MND cases were not signi®cantly reduced in any layer in comparison with control cases. However, Wilk's lambda multivariate test for group and regional interactions showed a decreasing trend within cortical layer VI [F(2,18) = 4.32; P = 0.03] (Table 4A ). This decreasing trend was observed in the PMC and the DLPFC but not in the ACC within this layer (Table 4A) .
Calretinin
The layer-wise densities of CR-IR neurons in MND cases were not signi®cantly different from those of control cases. However, the overall group comparisons revealed a trend towards reduced density of CR-IR neurons in MND cases (Table 5A) .
Neuronal size for CBP
Layer-wise comparisons of the median neuronal size of each CBP subpopulation between MND and control subjects are also shown in Tables 3B, 4B and 5B. There were no signi®cant reductions in the sizes of PV-, CR-or CB-IR neurons of MND subjects in any cortical layers compared with controls (Tables 3B, 4B and 5B).
Potential confounding variables
The repeated analyses showed that, even after adjusting for the confounders (PMI, ®xation time and side of hemisphere), the P-values of overall group comparisons were little affected. The estimated density reduction for CB-IR neurons within layer V of the three regions before adjusting for confounders and after adjusting for PMI, ®xation time and hemisphere side was 66, 64, 65 and 67%, respectively. Similarly, the estimated density reduction for CB-IR neurons within layer VI of the three regions before adjusting for confounders and after adjusting for PMI, ®xation time and hemisphere side was 64, 63, 61 and 64%, respectively. When the potential confounders were included in the repeated measures analyses of layer-wise neuronal sizes, there was no effect. Therefore, our ®ndings were not affected by any of these potential confounding variables.
Cortical thickness
There was no difference in cortical thickness from the pial surface to the grey±white matter border between MND and control groups (Table 6 ). Even when potential confounders were included in the analyses, P-values of overall group comparisons of cortical thickness did not reach statistical signi®cance at the 5% level.
Discussion
There have been few systematic studies of selective vulnerability of cortical neuronal systems in MND. Recent neuroimaging and cognitive investigations strongly support the notion that the functions of cortical areas other than the Numbers in parentheses are lower and upper quartiles. The repeated measures analysis was carried out at a signi®cance level adjusted for multiple layers to 0.01. The analysis was conducted before adjusting for confounders. a Interaction between groups (control and MND) and regions (areas 4, 9 and 24); b group comparison. NA = no further information available.
PMC are implicated in MND. It is likely that the syndrome of MND comprises a spectrum of cortical involvement ranging from a typical MND (in which there are no detectable cognitive de®cits) though subtle degrees of cognitive impairment (typically frontal or frontotemporal in type) to frontotemporal dementia (Gallassi et al., 1985; David and Gillham, 1986; Kew et al., 1993a; Abrahams et al., 1995 Abrahams et al., , 1996 Abrahams et al., , 2000 Massman et al., 1996; Chari et al., 1996; Bak and Hodges, 1999; Strong et al., 1999; Lomen-Hoerth et al., 2003) . In this study we sought to analyse the cellular basis for these clinical features and to clarify the nature of selective vulnerability, since this may be relevant to our understanding of the mechanisms of the cell death.
Pyramidal neurons labelled with SMI-32
We ®rst analysed cortical pyramidal neurons (presumed glutamatergic neurons) using an antibody against an epitope in non-phosphorylated neuro®lament heavy chain (SMI-32). The study revealed a signi®cant overall group reduction in the density of SMI-32-IR pyramidal neurons within cortical layer V of the PMC, the DLPFC and the ACC of MND subjects relative to controls. The ®nding in the PMC con®rms the results reported by Nihei et al. (1993) . In addition, we have for the ®rst time shown reduced densities of pyramidal neurons in the DLPFC and the ACC. This has important implications for understanding the clinical features, neuroimaging abnormalities and basis of selective vulnerability in MND. Numbers in parentheses are lower and upper quartiles. The repeated measures analysis was carried out at a signi®cance level adjusted for multiple layers to 0.0083. The analysis was conducted before adjusting for confounders. a Interaction between groups (control and MND) and regions (areas 4, 9 and 24); b group comparison. NA = no further information available. SMI-32 recognizes non-phosphorylated, or partially phosphorylated, neuro®lament heavy chain but, because immunoreactivity can be inhibited when phosphorylation is extensive (Sternberger, 1985) , it is possible that reduced SMI-32 immunoreactivity in the present study might have been due to abnormal phosphorylation. However, this is unlikely because staining intensity for phosphorylated neuro®lament (SMI-31) in the PMC is similar in MND and control cases (Nihei et al., 1993) .
We also found that the size of pyramidal neurons in MND brains was signi®cantly greater than in controls. This is somewhat surprising in view of other studies in which the size of pyramidal neurons (and Betz cells) was reduced in MND subjects (Murakami, 1990; Hudson, 1991, 1993; Nihei et al., 1993) . However, a small proportion of surviving neurons were reported to be larger (Munoz et al., 1988; Nihei et al., 1993) , probably because of neuronal swelling (Barr and Hamilton, 1948; Hammer et al., 1979) . We noted that the increase in median neuronal size in the PMC and DLPFC was correlated with decreased neuronal density, suggesting perhaps that smaller pyramidal neurons were more susceptible to neuronal degeneration than larger pyramidal cells, thereby increasing overall neuronal size. However, this correlation was not found in the ACC. Recently, Cabello et al. (2002) attributed an age-dependent increase in the size of melanin-positive neurons in the substantia nigra to hypertrophy of surviving cells in order to compensate for natural cell loss. However, in our study there were no correlations between age and SMI-32-IR neuronal densities in MND and in the DLPFC and ACC (but not the PMC) of controls.
Methodological consideration
The pyramidal neurons in ®xed human post-mortem tissues were labelled with SMI-32, a widely used mouse monoclonal antibody raised against a non-phosphorylated form of neuro®lament protein (Sternberger, 1985) . Loss of SMI-32-IR cortical pyramidal neurons has been reported in patients with Alzheimer's disease (Morrison et al., 1987; Hof et al., 1990 ) and Huntington's disease (Cudkowicz and Kowall, 1990; Macdonald et al., 1997) . SMI-32 is known to stain cortical pyramidal neurons, including Betz cells and motor neurons; however, it is not exclusive to these cell types (Morrison et al., 1987; Campbell and Morrison, 1989; Hof et al., 1990 Hof et al., , 1996 Hof et al., , 2002 Mesulam and Geula, 1991; Del Rõ Âo and DeFelipe, 1994; Carriedo et al., 1995 Carriedo et al., , 1996 Baleydier et al., 1997; Macdonald et al., 1997; Urushitani et al., 1998; Saroff et al., 2000; Tsang et al., 2000; Vandenberghe et al., 2000a, b; Comoletti et al., 2001) . A small population of SMI-32-IR pyramidal neurons are also immunoreactive for CB (Kondo et al., 1999) and SMI-32-IR pyramidal neurons are usually positive for acetylcholinesterase (Mesulam and Geula, 1991) . Nevertheless, most cortical SMI-32-IR neurons are pyramidal neurons. This marker is therefore useful as a means of investigating the selective vulnerability of neuronal populations in MND and other degenerative disorders.
In our study, the sizes and densities of SMI-32-IR neurons were estimated by two-dimensional image analysis, a technique which tends to over-count large cells, thus creating sampling bias, compared with traditional three-dimensional stereological methods. This error was corrected for in the present study by applying an Abercrombie correction, which adjusts two-dimensional cell densities by incorporating a measure of cell size and section thickness (Abercrombie, 1946) . While this correction makes some incorrect assumptions with regard to cell shape and orientation when applied to a two-dimensional study (Hedreen, 1998) , it was necessary to correct for potential biases in our two-dimensional SMI-32-IR neuronal density estimates. This was because the tissue sections we used were thin and neuronal size differed between groups after adjusting for ®xation time. As a result of this correction, the signi®cance level of our density ®ndings increased. Thus, uncorrected neuronal density underestimated group differences (Table 2A) . Three-dimensional stereological methods allow direct measurement of cell density in a small, precisely de®ned volume of tissue regardless of differences in cell size and shape and section thickness. A stereological approach is therefore generally regarded as the most accurate way of estimating cell density. There are, however, advantages in using two-dimensional methods over three-dimensional stereological methods. First, two-dimensional counts of cells are usually carried out on thinner sections. Antibody penetration is therefore more reliable compared with three-dimensional cell counting, which uses thicker sections. Secondly, three-dimensional methods generally use relatively smaller counting frames than two-dimensional methods. Subsequently, two-dimensional studies are more sensitive in detecting differences in the distribution of cells. As a result, two-dimensional counting methods, like our own, which use larger sampling frames, may provide better estimates of cell density, following Abercrombie correction (Benes and Lange, 2001) . It is worth noting that our ®ndings in relation to neuronal size are not biased by two-dimensional counting methods.
Several potential confounding factors (age, sex, ®xation time, PMI and hemisphere side) could in¯uence neuronal density and/or immunoreactivity. It is important to determine which variables represent confounders and to adjust the analyses for it. In our study, PMI, ®xation time and hemisphere side were found to be potential confounders of neuronal density and size. Our analysis was therefore adjusted to take these variables into account. In our data, age and sex could not have been confounding the density differences since the mean age and gender distributions were very similar between MND and control groups (Table 1) .
GABAergic interneurons labelled with CBPs
We also analysed different subpopulations of GABAergic interneurons in the cortex using antibodies against CBPs (CB, PV and CR). We found overall reductions in the density of CB-IR neurons within cortical layers V and VI of MND cases in all regions investigated, relative to controls. There was also a reduction in the density of CB-IR neurons within cortical layer II of MND cases in all regions, but this reduction did not reach statistical signi®cance. Although the densities of PVand CR-IR neurons were not signi®cantly different between groups, there were trends towards reduced density of PV-IR neurons within cortical layer VI and of CR-IR neurons within cortical layers V and VI.
These ®ndings provide strong evidence supporting the notion that a defect of GABAergic neurotransmission occurs in MND subjects and that this pattern of selective vulnerability is common to motor and extramotor cortical areas. This has signi®cant implications for our understanding of the selective vulnerability of cortical systems in MND.
Calbindin-immunoreactive neurons
In contrast to our observations, previous studies have not detected loss of CB-IR neurons within the paracentral gyri (motor and sensory cortex) in MND subjects (Nihei et al., 1992; Ince et al., 1993) . The differences in the ®ndings of these workers may be due to technical differences in counting cells. Here, we used a computerized image analysis system to analyse areal density of CBP-IR neurons in each cortical layer. This program provides more accurate estimates of cell density, involving automated alignment of contiguous microscopic ®elds as one large image, and provides rapid analysis of very large microscopic regions (Cotter et al., 2002) .
While the earlier studies did not investigate CB-IR neurons in the DLPFC, a dramatic reduction in CB-IR neurons within the frontal cortex has been observed in patients with DMND (Ferrer et al., 1993) and in dementia of the frontal type associated with hereditary spastic paraparesis (Ferrer et al., 1995) . Our observations are in keeping with the notion that MND and DMND represent a spectrum of neuronal degeneration characterized by ubiquitin-IR inclusions (Jackson et al., 1996; Ince et al., 1998; Al-Sarraj et al., 2002) .
It has been suggested (Greene et al., 2001 ) that the density of CB-IR neurons may increase with age. We therefore analysed separately correlations between age and CB-IR neuronal densities in the two groups by means of Spearman's non-parametric analysis, and found no correlation in either MND or control cases. Nihei et al. (1992 Nihei et al. ( , 1993 ) demonstrated a signi®cant reduction in the overall mean PV-IR neuronal density in the PMC but not in the sensory cortex of MND subjects, and Ince et al. (1993) noted preservation of PV-IR neurons within the paracentral gyri (motor and sensory cortex) of MND subjects. When the total cortical density of PV-IR neurons within the three regions (PMC, DLPFC and ACC) of MND cases was compared with that in controls, there was no signi®cant reduction in the density of PV-IR neurons in any cortical regions we studied. We did, however, ®nd a trend towards decreased density of PV-IR neurons within cortical layer VI of the PMC and the DLPFC, relative to the ACC. Thus, the changes we observed are suggestive of region-and laminarspeci®c reductions in PV-IR neuronal density, with the ACC remaining well preserved.
Parvalbumin-and calretinin-immunoreactive neurons
We also found a trend towards decreased density of CR-IR neurons within cortical layers V and VI in all cortical regions examined. However, using a computer-assisted image analysis system, Hof et al. (1994) reported that parvalbumin and calretinin appeared to be relatively resistant to the degenerative process in the amyotrophic lateral sclerosis/ parkinsonism±dementia complex of Guam cases and sporadic MND. Our ®ndings are thus in keeping with the conclusion that PV-IR and CR-IR neurons are relatively well preserved in MND, in contrast to CB-IR neurons.
For all CBP neuronal subpopulations, the density reductions in MND were mainly detected in cortical layers V and VI, suggesting that damage to these neuronal populations in MND is most pronounced in the deeper cortical layers.
Technical and statistical aspects
Two-dimensional image analysis was also used to estimate neuronal density and size in CBP-IR subpopulations. In this study we showed that there were no signi®cant group differences in layer-wise median neuronal sizes in any of the CBP subpopulations between MND and control cases (Tables 2±4) . Therefore, the Abercrombie correction is not likely to have a signi®cant impact on the interpretation of our data. We believe that differences in the two-dimensional estimates of the CB-and PV-IR neuronal densities observed between the groups were unlikely to be signi®cantly biased by neuronal size.
Our sample size could also in¯uence the interpretation of this study. Because of the limited numbers of cases available for this study and the conservative Bonferroni correction for multiple layer-wise testing, the study may have lacked power to detect neuronal loss. Consequently, although we have not found statistically signi®cant differences between groups within some layers of the GABAergic subpopulations, we cannot be sure that densities are unchanged. It is possible that neuronal losses would become statistically signi®cant if the sample size were increased.
Glutamate and GABA interactions in MND
The present study showed that SMI-32-IR pyramidal neurons and GABAergic interneurons degenerate in MND. The similar patterns of selective vulnerability in the PMC and in extramotor areas of MND brains add to the growing body of evidence for extramotor involvement in MND. Loss of these extramotor projection neurons would substantially reduce the connectivity of corticospinal and corticocortical pathways. In addition, widespread loss of cortical pyramidal neurons might indirectly contribute to excitotoxicity. For example, in cats, lesions of the sensorimotor cortex reduced glutamate uptake in its projection areas, such as the ventrolateral thalamic nucleus, the red nucleus, the pontine nuclei, the caudate nucleus and the cervical and lumbar spinal cord (Young et al., 1981) . Similarly, lesions of the corticostriatal pathway downregulated the astroglial speci®c glutamate transporter (GLT-1) in adult rats (Ginsberg et al., 1995) .
The inhibitory activity of GABAergic interneurons is implicated in modulating the overall level of neuronal activity of the cerebral cortex and, in particular, the activity of the glutamatergic pyramidal cells. Obviously, post-mortem studies identify changes present at the end-stage of the disease. Thus, it is not clear whether damage to GABAergic and glutamatergic neurons occur in tandem, or whether damage to GABAergic neurons is an early event leading to increased glutamatergic transmission and excitotoxic damage. Recent electrophysiological studies using transcranial magnetic stimulation suggest that ICI is reduced in the early stages of MND compared with the later stages (Zanette et al., 2002a) . Also, cortical thresholds, an index of hyperexcitability, were reported to be lowest early in the course of MND and to increase as the disease progressed (Eisen, 2001) . Furthermore, decreased ICI can be reversed by agents that potentiate GABAergic transmission, such as diazepam and gabapentin (Caramia et al., 2000) . Riluzole, a glutamate antagonist, has been reported to partially reverse ICI (Stefan et al., 2001) or to have no signi®cant effect on ICI (Sommer et al., 1999; Caramia et al., 2000) . Overall, these ®ndings support the concept that an imbalance between GABAergic and glutamatergic neurotransmission in MND might result in increased cortical excitability.
There are several clinical implications of our ®ndings. They may help to explain the neuronal basis of the abnormalities that have found in MND by a variety of neuroimaging techniques . In essence, these have shown impaired function in prefrontal areas, including the DLPFC (Brodmann areas 9 and 10) and ACC (Brodmann areas 24 and 32). Furthermore, these ®ndings provide a possible anatomical basis for the cognitive changes that can be detected in a substantial proportion of MND patients (Gallassi et al., 1985; David and Gillham, 1986; (Kew et al., 1993a, b; Abrahams et al., 1995 Abrahams et al., , 1996 Abrahams et al., , 2000 Chari et al., 1996; Massman et al., 1996; Bak and Hodges, 1999; Strong et al., 1999; Lomen-Hoerth et al., 2003) . In general, these ®ndings support the notion of a continuum of cerebral involvement from typical MND without dementia to MND with frontotemporal dementia (Kew and Leigh, 1992; Okamoto et al., 1992; Wightman et al., 1992; Jackson et al., 1996; Al-Sarraj et al., 2002; Lomen-Hoerth et al., 2003; Nakano, 2000) .
In summary, our studies show that pyramidal neurons and GABAergic interneurons in the PMC and in at least two other cortical areas degenerate in MND. The notion that the degeneration process in the cerebral cortex in MND is restricted to corticospinal tract motor neurons cannot be sustained. Loss of cortical projection neurons for areas such as DLPFC and ACC may explain some of the clinical and neuroimaging changes recorded in MND.
